Ab initio embedded-cluster calculations are performed on the ͑CeF 8 ͒ 5− cluster embedded in BaF 2 . The local structure around the Ce 3+ impurity and the transition energies are calculated in the states of main character 4f 1 , 5d 1 , and 6s 1 , without and with spin-orbit coupling. When Madelung embedding is used, large anomalies are observed in the 5d 1 and 6s 1 manifolds. They are shown to be due to an artificial electron leak out of the cluster, at a regime of short Ce-F distances, when it occupies diffuse orbitals like the molecular orbitals of main character 5d and 6s. The main reason for the leak is the lack of linear-independency conditions between the wave functions of the cluster and its environment in Madelung embedding. When these conditions are added by means of ab initio model potential embedding ͑AIMP͒, the anomalies disappear. The 4f-5d absorption transitions calculated with spin-orbit coupling, AIMP embedding, and correlating the electrons with main character F-2s2p and Ce-4d5s5p4f5d, show good agreement with experiment. The present results support previous claims that state-of-the-art ab initio methods of quantum chemistry as the ones used here are nowadays in a position to reliably calculate 4f-5d transitions of lanthanide-doped solids. A proper embedding is crucial for this.
I. INTRODUCTION
The electronic excited states of lanthanide ions in ionic crystals with main configurational character 4f N−1 5d 1 are very important from the basic and techonological points of view because of their involvement in a number of physical processes, ranging, e.g., from electronic Raman to solid-state lighting. [1] [2] [3] [4] These states have been the subject of experimental studies for many years and their understanding is mainly supported by semiempirical models. [5] [6] [7] Theoretical methods based on the first principles might deliver significant contributions in this respect for two reasons: First, because they can provide sound analyses of interactions and effects involved in the processes, 8 and, second, because ab initio calculations that do not rely on empirical information can nowadays successfully simulate 4f-5d electronic spectra, 9 not only absorption spectra but also emission spectra. It is true, however, that carrying out these calculations to a good end is yet a difficult task.
It is known that for embedded-cluster ab initio calculations of local defects in ionic crystals to be reliable, the use of correct embedding potentials is a key question. In effect, it has been shown that taking a cluster made of an impurity and its first coordination shell in the solid, and embedding it in a large array of point charges ͑Madelung embedding͒, leads to unreasonable results in a number of cases, such as groundand excited-state structures of high-symmetry defects, 10, 11 Jahn-Teller stabilization energies, 12 and ionization and excitation energies of transition-metal ions in bulk ionic hosts, 13 as well as in chemisorption energies. 14 Moreover, all these results become meaningful after including embedding interactions of a quantum-mechanical nature between the solid lattice and the cluster, such as exchange and linearindependence ͑Pauli repulsion͒ interactions. However, the conclusions of these studies have not been fully spread and it is still common to find in the recent literature ab initio calculations on clusters embedded in arrays of point charges.
In this paper we show that, in the case of impurity states involving diffuse orbitals like the excited 5d and 6s orbitals of lanthanide ions, the inadequacy of Madelung embedding for a correct representation of the embedding effects can lead to dramatic anomalies in the predicted structural and spectroscopic properties of the impurity states. The anomalies are corrected when electrostatic embedding beyond the pointcharge approximation and quantum-mechanical embedding ͑exchange and Pauli repulsion͒ are also included in an approximate way.
The calculations performed are ab initio model potential ͑AIMP͒ embedded-cluster calculations 10 of 4f → 4f, 4f → 5d, and 4f → 6s local excitations of Ce 3+ -doped BaF 2 , carried out at the ͑wave-function based͒ complete active space self-consistent-field ͑CASSCF͒ ͑Ref. 15͒ and complete active space second order perturbation theory ͑CASPT2͒ ͑Refs. 16 and 17͒ level of dynamic electron correlation, and including scalar and spin-orbit coupling relativistic effects by means of relativistic effective core potentials. 18, 19 The computed energies of the 4f → 5d transitions show a good agreement with experiments when the correct AIMP embedding potentials are used. The breathing mode vibrational frequencies of the 4f → 5d excited states are also computed and shown to agree well with the available experimental data.
The observed agreement with experimental data of 4f → 5d excitations of BaF 2 :Ce 3+ confirms previous agreements achieved in similar materials and transitions, such as 4f-5d absorptions and emissions of Cs 2 NaYCl 6 :Ce 3+ ͑Ref. 9͒ and 5f-6d absorptions and emissions of Cs 2 ZrCl 6 :Pa 4+ ͑Ref. 20͒ and Cs 2 NaYCl 6 :U 3+ ͑Ref. 21͒. The present and the past agreements with experiments, together with the present demonstration of dramatic anomalies in Madelung embedded calculations of 4f → 5d transitions, indicate that the use of point-charge embedding and the neglect of quantummechanical embedding effects ͑particularly Pauli repulsion͒ could be the reason for the large deviations from experiment obtained by Andriessen et al. 22 in a recent ab initio calculation on Ce 3+ doped in BaF 2 and other ionic hosts, which led them to conclude that accurate ab initio calculations of 4f-5d excitations of lanthanides in ionic hosts are not possible, a conclusion that could have a negative impact on the growing interest for extracting very useful information out of ab initio calculations in these materials. Here it is shown that the use of a proper embedding is crucial in order to make the ab initio calculations accurate.
In Sec. II we summarize the method and the technical details. We present and discuss the results in Sec. III.
II. METHOD AND DETAILS OF THE CALCULATIONS

Ce
3+ doped in BaF 2 creates local defects upon substitution of Ba 2+ ions. 23 The charged defects created by this type of doping in fluorites can be locally compensated with interstitial fluoride ions 24 or nonlocally compensated with distant codoping ions like Na + . 25 Although the effect of local compensations on the absorption and emission spectra is an interesting issue that will be the subject of further ab initio studies, the purpose of this paper is to claim the importance of a correct embedding and, here, we will only study the nonlocally compensated defect. It is an O h cubic defect where the Ce 3+ impurity is surrounded by a first coordination shell of eight F − anions. We are interested in electronic states localized on the impurity which are involved in the absorption and emission spectra. These states are usually labeled with the main atomic orbital character of the open-shell electron and the O h irreducible representations; neglecting spinorbit coupling, they are the following:
, and 6s 1 -2 A 1g . In the first three, the unpaired electron is in the inner 4f shell, which is very compact and shielded from the effects of the ligands by the outermost 5s and 5p filled shells. In the last three, the electron has crossed the 5s 2 5p 6 barrier and occupies either the 5d shell, which is split by the ligands, or the 6s shell; the 5d͑e g ͒, 5d͑t 2g ͒ and 6s orbitals are all very diffuse and heavily exposed to the effects of the eight F − ligands and of the rest of the BaF 2 host. Spin-orbit coupling splits further the levels and it is important for a fine interpretation of the spectra, but it can be safely neglected for bonding and structure issues, which are the focus here, as it has been shown in similar materials. 9, 20, 21 We will neglect spin-orbit coupling in most of the calculations and we will include it in a final calculation of the spectra of the cubic defect.
Although localized on the Ce 3+ impurity, the local states are known to depend very much on the bonding interactions between Ce 3+ and the surrounding F − ions, as well as on the interactions between the ͑CeF 8 ͒ 5− cluster and the rest of the host, and, accordingly, we will use an ab initio method that reliably takes into account ͑i͒ relativistic effects on Ce 3+ , ͑ii͒ all bonding interactions within the ͑CeF 8 ͒ 5− unit, and in particular a fair amount of dynamic electron correlations, and ͑iii͒ the embedding effects produced by the BaF 2 ionic lattice into the ͑CeF 8 ͒ 5− cluster, not only of classical nature, but also of quantum-mechanical nature.
The ab initio method applied here results from a combination of techniques or methods of the quantum chemistry that specifically handle the above-mentioned effects. Bonding and correlation are taken care of with the multistate complete active space second-order perturbation theory method ͑MS-CASPT2͒, 16, 17, 26, 27 which is a multireference manybody perturbation theory method, using molecular orbitals optimized with the complete active space self-consistentfield method ͑CASSCF͒. 15 Relativistic effects on Ce 3+ are included by means of the use of effective core potentials calculated according to the ab initio model potential method ͑AIMP͒, 28 in its spin-free or scalar relativistic version based on Cowan-Griffin calculations 18, 29 and in its spin-orbit coupling version based on Cowan-Griffin-Wood-Boring calculations. 19, 30 Spin-orbit coupling and dynamic electron correlation effects are included together by means of the spin-free-state-shifted spin-orbit configuration interaction method ͑sfss-SOCI͒. 31 The AIMP method is also used as an embedding technique that includes classical and quantummechanical interactions between the ͑CeF 8 ͒ 5− unit and the rest of the host. 10 All these methods have been described elsewhere and here we just summarize the technical details of the calculations; we make a more detailed description of the AIMP embedded-cluster Hamiltonian in order to facilitate the reading of the discussions. The present embeddedcluster calculations have been performed with the programs MOLCAS-6 ͑Ref. 32͒ ͑spin-orbit free calculations͒ and EPCISO ͑Ref. 33͒ ͑spin-orbit coupling calculations͒.
A. Embbeded-cluster Hamiltonian
The energies and many-electron wave functions of the local electronic states under consideration are calculated within the embedded-cluster approximation, with the following valence only, spin-orbit relativistic, AIMP embeddedcluster Hamiltonian for BaF 2 : ͑CeF 8 ͒ 5− ͑a detailed overall description in a general case can be found in Ref. 34͒:
where the the two last terms are the spin-orbit contribution and the spin-free-state-shifting term, which is a tool to put together spin-orbit coupling and large amounts of dynamic electron correlation ͑see Ref. 34 for full details͒. The first term, which is the most important one for the goals of this paper, is the scalar relativistic AIMP embedded-cluster Hamiltonian, which reads
In Eq. ͑2͒, the indices i and j refer to the N val clus valence electrons and and to the N nuc clus nuclei of the ͑CeF 8 ͒
5−
cluster. Each nucleus of the cluster has N core core electrons and an effective nuclear charge Z ef f = Z − N core ; also, it has an effective core potential of the type AIMP, V -core AIMP ͑i͒, which contributes the effects of the frozen core electrons and the scalar relativistic effects.
The classical and quantum-mechanical effects of the surrounding crystal are embodied in the AIMP embedding potential: the sum of V -ion emb-AIMP ͑i͒ terms of the Hamiltonian.
The index runs the N ion host embedding host ions, i.e., the ions of the doped material not included in the cluster, which in this case are all the ions of BaF 2 :Ce 3+ except the Ce 3+ impurity and its first coordination shell of eight F − ligands. The contribution of each host ion reads
The term −Q / r i represents the long-range Coulomb potential created by a point charge Q ͑the ionic charge͒. The second term is the short-range Coulomb potential of the full ion which takes into account the spatial distribution of the electron charge density of the lattice ion to correct the pointcharge potential. The last two terms represent, respectively, the full ion exchange operator and the full ion projection operator. These two terms stem from the first principles requirement of antisymmetry with respect to the interchange of electrons between cluster and embedding host. 35, 36 We should remark here the critical importance of the last term, ͚ c D c ͉ c ͗͘ c ͉, because it is the term that prevents the cluster wave function from collapsing onto the lattice ion .
In this term, the c are the occupied orbitals of the host ion , and the projection constants D c are taken to be minus twice their orbital energies, D c =−2 c .
10,35,36
As we said before, it is not uncommon to see embeddedcluster ab initio calculations performed on a simpler Madelung or point-charge embedding and here we will show some of the consequences of its use. The Madelung embeddedcluster Hamiltonian is obtained from the AIMP embeddedcluster Hamiltonian ͓Eq. ͑2͔͒ after excluding short-range Coulomb and the quantum-mechanical terms:
͑4͒
The AIMP embedding potentials for Ba 2+ The BaF 2 AIMP embedding potential used in the calculations of the embedded-cluster ͑CeF 8 ͒ 5− was built in the following manner. First, embedding AIMPs of F − and Ba 2+ obtained in the preparatory SCEI calculations are located at experimental sites within a cube of edge 5a 0 centered at the impurity ͑a total of 1656͒. An additional set of point charges is located at experimental sites within a cube of edge 8a 0 ͑a total of 4888͒; of these, all ions bear the nominal ionic charge except those on the frontier faces, edges, and corners, for which Evjen's fractional charges are used 40 in order to accelerate the convergence of the Madelung potential. This procedure is led by the principle of making the potentialenergy curves of the cluster stable under further improvement of the AIMP embedding potential of the host, 10 i.e., under additions of shells of embedding AIMPs and of shells of point charges. The embedding AIMPs, as well as other core AIMP data used in the paper ͑see below͒, are available from the authors. The bonding interactions and dynamic electron correlation effects within the ͑CeF 8 ͒ 5− cluster are accounted for with CASSCF+ CASPT2 calculations. The complete active space ͑CAS͒ is defined with one electron in the molecular orbitals of main character Ce 4f ͑a 2u , t 1u , t 2u ͒, Ce 5d ͑e g , t 2g ͒, or Ce 6s ͑a 1g ͒, which means that the formal CASSCF calculations correspond to restricted open-shell SCF calculations. We will refer to the molecular orbitals by their main atomic orbital character all throughout the paper. The CASSCF wave functions are used as the zeroth-order reference for subsequent MS-CASPT2 calculations. Three different degrees of electron correlation are considered in three types of MS-CASPT2 culations: ͑i͒ Calculations labeled MS-CASPT2͑F64, Ce1͒ take into account the dynamic correlation between the 65 valence electrons of ͑CeF 8 ͒ 5− occupying the MOs of main character F 2s and 2p ͑64͒ and Ce 4f, 5d, or 6s ͑1͒. ͑ii͒ Calculations labeled MS-CASPT2͑F64, Ce9͒ take into account the additional correlation of the eight electrons in Ce 5s and 5p orbitals. ͑iii͒ Calculations labeled MS-CASPT2͑F64, Ce19͒ take into account the additional correlation of the ten electrons in Ce 4d orbitals. The sufficiency of the simple CAS used here and the necessity of correlating all the ligand valence electrons have been shown in calculations of Cs 2 NaYCl 6 : ͑CeCl 6 ͒ 3− ͑Ref. 9͒ and Cs 2 ZrCl 6 : ͑PaCl 6 ͒ 2− ͑Ref. 20͒. All the CASPT2 culations reveal large and uniform weights of the zeroth-order reference in all states calculated and show no sign of problems with intruder states.
In the sfss-SOCI calculations performed in order to compute spectra including spin-orbit coupling, only single excitations from the CAS have been used and the shifting parameters correspond to the MS-CASPT2͑F64, Ce19͒ level of correlation.
C. Effective core potentials and Gaussian basis sets
For Ce, we use a ͓Kr͔-core relativistic AIMP ͑active valence 4d ,5s ,5p ,4f ,5d ,6s orbitals͒ and a ͑14s10p10d8f͒ valence Gaussian basis set from Ref. 42 . An additional set of three Gaussian primitive functions of g type, obtained by maximum radial overlap with the Ce 3+ 4f orbital, is used for polarization. The final contraction of the Ce basis set is ͑14s10p10d8f3g͒ / ͓6s5p6d4f1g͔͒. For F, we use a ͓He͔-core relativistic AIMP ͑active valence 2s ,2p orbitals͒ and the ͑5s6p1d͒ basis set of Ref. 18 , which includes one p-type diffuse function for anions 39 and one d-type polarization function. 38 The final contraction of the F basis set is ͑5s6p1d͒ / ͓3s4p1d͔. The spin-orbit potentials were taken from Refs. 43 ͑Ce͒ and 44 ͑F͒. Table I shows the computed Ce-F bond lengths R e breathing mode vibrational frequencies a 1g and differences between the minima of energy curves T e of cubic ͑CeF 8 ͒ 5− embedded in BaF 2 , as calculated at the spin-free Hamiltonian level, with AIMP embedding ͓Eq. ͑2͔͒ and with the simpler Madelung embedding ͓Eq. ͑4͔͒. It shows results for the states of the 4f 1 , 5d 1 , and 6s 1 configurations, where the unpaired electron occupies, respectively, the very compact 4f orbitals, which are shielded from the ligands by the more external 5s 2 5p 6 filled shells; the 5d orbitals, which are more external than the filled shells, are quite diffuse and very exposed to the effects of the ligands; and the 6s orbital, which is a very diffuse one. In order to see the effects of different degrees and kinds of electron correlation, and how these can be af- fected by different embeddings, the table includes calculations at the mean-field level, with no correlation included, and at the MS-CASPT2 correlated level, with correlations of the 64 2s and 2p electrons of the fluorines plus several choices on the cerium ion: only the unpaired electron; this plus the 8 5s and 5p electrons; and these plus the 10 4d electrons. Although spin-orbit coupling is necessary for detailed discussions of spectroscopy, its effects on bonding are negligible and the bond lengths and vibrational frequencies in this table will not suffer significant changes upon its inclusion; 9,20,21 the excitation energies shift and split with spin-orbit coupling ͑see below͒, but the effects of correlation and embedding on them are basically independent of spin orbit and can be pinpointed in this table.
III. RESULTS AND DISCUSSION
The most important physical effect of going from AIMP embedding to Madelung embedding is removing the linearindependence conditions that prevent the cluster wave functions from collapsing onto lattice ions. ͑Other effects are removing the short-range part of the Coulomb interactions and the exchange interactions between the cluster and its environment; they are less important, although not negligible. 34 ͒ It is clear in Table I that not taking into account these embedding effects in the states of the 4f 1 configuration leads to much longer bond lengths ͑around 0.08 Å͒ and much smaller vibrational frequencies ͑around 50 cm −1 ͒, as a consequence of the additional artificial attraction towards the external ions experienced by the cluster electron density, which weakens the strength of the Ce-F bonds. This is the same anomaly that has been shown to happen in embedded clusters containing transition metals 10, 12 and in the lanthanide series in a study of Ln 3+ -doped Cs 2 NaYCl 6 . 11 The effect on the 4f 1 intraconfigurational transition energies is not very large in absolute value ͑nevertheless, note a 20% increasing of the highest one͒. Also, for the 4f 1 configuration, the sizes of the anomalies due to insufficiencies of Madelung embedding are not very different at different levels of treatment of correlation.
In the states of the 5d 1 configuration of BaF 2 : ͑CeF 8 ͒ 5− , using Madelung embedding leads to very different anomalies: very much shorter bond lengths ͑between 0.1 and 0.2 Å depending on the correlation level͒, much larger vibrational frequencies ͑between 40 and 60 cm −1 ͒, and very much smaller 5d ligand field splittings ͑between 4500 and 8000 cm −1 ͒, together with a much smaller value of the lowest 4f → 5d transition ͑between 4000 and 7000 cm −1 ͒. In this configuration the sizes of the anomalies depend much on the level of correlation. In the 6s 1 configuration, the effects on bond lengths of an insufficient embedding are smaller than in the 5d 1 configuration and the effects on vibrational frequencies are similar; however, the effects on the 4f → 6s transitions are dramatic.
The reasons for the large anomalies observed in the 5d 1 and 6s 1 configurations can be better understood if we calculate not only the properties of the energy curves of the states at their respective equilibrium geometry, but also the energies of all the states in a wider range of Ce-F distances. The results are shown in Fig. 1 . In the right-hand side box of this figure, where the AIMP embedding results are presented, we see smooth curves that show the same behavior previously found in 4f → 5d ͑and 5f → 6d͒ excitations of f-element doped solids: 8 The 4f N states are very parallel. The 4f N−1 5d 1 configuration splits in two manifolds due to the ligand field splitting of the 5d orbitals, with the stabilized manifold having a shorter bond length than the 4f N and the unstabilized manifold having a longer one. ͓See Ref. 8 for a detailed analysis of the reasons behind this observation. In brief: ͑i͒ The bond length ranges are dominated not by the size of the 4f and 5d orbitals, but by the size of the 5p 6 shell, so that, if covalency, charge-transfer, and ligand field effects are removed, the bond lengths in 4f In the left-hand side box of Fig. 1 , where the Madelung embedding results are shown, what we see, however, is the appearance of two distance regimes for the energies of the 5d 1 and 6s 1 states, with a sharp change of the energy curves between them. In the long-distance regime, the curves follow qualitatively the shape of the AIMP embedding results. In the short-distance regime, the three excited-state curves are fairly parallel. In the upper-left part of this figure, we have included the curve of the ground state of ͑CeF 8 ͒ 4− in BaF 2 ͑using AIMP embedding͒, which corresponds to a Ce 4+ impurity, and we can see that it is basically parallel to the 5d 4− plus one electron that has been spilled out of the cluster and does not influence the cluster equilibrium properties. This anomalous electron leak is caused by the removal of the linear-independency conditions, or Pauli repulsion, between the wave functions of the cluster and the environment, which is implicit in the simplification from AIMP to Madelung embedding, and makes the diffuse orbitals 5d and 6s to experience an abnormal additional attraction towards the cluster neigbhors; these orbitals are less repelled by the crystal anions and more attracted by the crystal cations than they should be. In the regime of long enough Ce-F distances, the 5d and 6s orbitals remain within the cage of the fluorine ligands, somehow shielded from the environment, and they only experience an artificial expansion. However, in a regime of sufficiently short Ce-F distances, which in this case seem to be shorter than 2.55 Å approximately, these diffuse orbitals have enough density outside the ligand cage so as to feel strongly the abnormal attraction by the environment, and they leak outside the cluster and collapse onto the crystal lattice.
In order to further support the previous explanation and to make it visible, we have drawn one of the e g molecular orbitals with dominant character of Ce-5d in Fig. 2 . The two lower boxes, which correspond to AIMP embedding in short ͑left͒ and long ͑right͒ Ce-F distance regimes, show that the orbital expands at short distances, when the covalency is larger. In the two upper boxes, where the orbital of the Madelung embedding calculation is shown, it is clearly seen that the electron has leaked out of the cluster in the shortdistance regime.
Let us comment now on what sort of effects on the calculated ligand field splittings, energy centroids, and centroid shifts of the 5d 1 configuration, we should expect from the insufficiencies of Madelung embedding. Having in mind that the main anomaly is a tendency to leak out in the shortdistance regime, we must expect the effects to depend much on the basis set used, because some diffuse and very diffuse basis set functions that only play a secondary role at representing true molecular orbitals of 5d character, become the dominant ones when they have to represent an electron that is away from the cluster, collapsing onto external lattice sites. Also, in those calculations where the lanthanide-ligand distance is fixed in advance, the results should depend much on the chosen distance. In Table II we illustrate the effects we obtain with the technical details used in this paper. As we see, Madelung embedding leads to too small ligand field splittings; this is in correspondence with an anomalous attraction of the negative charge of the ligands towards the host and far from the impurity, so lowering its effective charge ͑in a ligand field theory language͒. Also, Madelung embedding locates the centroid of the 5d 1 configuration too low with respect to the 4f 1 ground state and, as a consequence of this, the predicted centroid shifts with respect to the Ce 3+ free-ion are too large. This is in agreement with the Judd-Morrison model for the centroid shift: 6, 7, 45 the anomalies lead to ligands with a higher polarizability, because of the lower concentration of charge, and to more diffuse 5d orbitals, both effects increasing the instant polarization of the ligands by the 5d electron which, according to the model, lowers the centroid energy of the 5d 1 configuration with respect to the 4f 1 ground state. We must remark that the effects of correlation on the centroid shift are quite distorted when they are evaluated in Madelung embedding calculations. This is important because the ability to predict 4f-5d spectroscopic properties of materials is related to the understanding and prediction of centroid shifts and, according to the successful Judd-Morrison model, 6, 7, 45 the centroid shift is due to the different instant ligand polarization in the presence of 4f and 5d electrons, which is ultimately related to electron correlations within the cluster. In Table II we see that good agreements with experimental data on ligand field splitting, centroid, and centroid shift are achieved at the AIMP embedding level when F-2s2p and Ce-4d5s5p4f5d electrons are correlated. The 2000-cm −1 error in the centroid shift is mainly due to errors in the calculations of the centroid of the free ion, which is in line with the common experience that free ions are computationally more demanding than embedded ions, in terms of correlation and basis sets. 46 ,47 At the mean-field level, with no correlation included, the ligand field splitting is too small and there is a fortuitous agreement with experiment in the centroid as the result of error compensations; at this level, the centroid shift is only a small fraction of experiment, in agreement with the model.
Finally, we show in Table III the vertical absorption transitions calculated from the equilibrium structure of the ground state, with AIMP embedding and using the full spinorbit Hamiltonian. They can be compared with the maxima of experimental absorption bands. 23 The experiments correspond to a C 4v defect, where the symmetry reduction from O h is due to local charge compensation, so that we make the comparison here having in mind that the goal of this paper is not a detailed discussion of these experiments, but an analysis of the consequences of the use of a Madelung embedding. In any case, we can expect the effects from the local charge compensation to be, basically, a splitting of some levels of the cubic defect, so that a direct comparison between our results and the experiment is meaningful. What we see is a very good agreement. In addition to excitation energies, we can also compare the computed vibrational frequency of the breathing mode with the experiment in the lowest 5d 1 state. We get 364 cm −1 , which is very close to the 360 cm −1 reported by Loh 23 for the totally symmetric frequency, out of the 0-0 ͑33 780 cm −1 ͒, 0-1 ͑34 140 cm −1 ͒, and 0-2 ͑34 500͒ lines of the vibrational progression in the lowest 4f → 5d absorption. Let us also remark that Loh identified a very weak band in CaF 2 :Ce 3+ peaking at 70 000 cm −1 as a 4f → 6s transition; our value of 70 080 cm −1 for the 4f → 6s transition in BaF 2 :Ce 3+ fully supports his assignment. The agreements with experiments are in the line of previous agreements achieved in similar transitions of materials with simple manifolds, such as 4f-5d absorptions and emissions of Cs 2 NaYCl 6 :Ce 3+ ͑Ref. 9͒ and 5f-6d absorptions and emissions of Cs 2 ZrCl 6 :Pa 4+ ͑Ref. 20͒, and in materials with complex manifolds, such as 5f-6d absorptions and emissions of Cs 2 NaYCl 6 :U 3+ ͑Ref. 21͒, and allows us to insist in that state-of-the-art ab initio methods of quantum chemistry, as the ones used here, are nowadays in a position to reliably calculate 4f-5d absorptions and emissions of lanthanidedoped solids. This claim is in contrast with a recent assertion by Andriessen et al. 22 based in their ab initio calculations on Ce 3+ doped in BaF 2 and other ionic hosts. They relaxed the structure around the Ce 3+ impurities in ground-state DFT calculations with periodic boundary conditions; then, they fixed the resulting Ce-F distance ͑2.438 Å, not far from our result of 2.471 Å͒ and performed HF, MP2, MP4, CCSD, and CCSD͑T͒ calculations on a cluster, using Madelung embedding. Although they focused their work on a detailed study of the centroid shift rather than on the individual 4f-5d excitations in the hosts, they concluded that, in contrast with pre- vious claims, 9, 48 accurate ab initio calculations of 4f-5d excitations of lanthanides in ionic hosts are not possible. We can say that the Ce-F distance they used belongs to the shortdistance regime ͑see the vertical dashed line in Fig. 1͒ , so that their conclusion might be biased by the large anomalies that the insufficiencies of Madelung embedding can create when diffuse orbitals like 5d are involved. Let us mention that large anomalies due to the insufficiencies of Madelung embedding are also found in low-symmetry site substitutional defects of lanthanide ions, even in the ground state; a detailed study is underway and will be reported elsewhere. 49 Finally, let us mention that the anomalies due to a wrong embedding shown here for an ion with simple manifolds like Ce 3+ must be general to the lanthanide and actinide series, which have very complex manifolds, because they affect the molecular orbitals and, in consequence, propagate to the many-electron states.
IV. CONCLUSIONS
By means of CASSCF and CASPT2 culations on the 4f 1 , 5d 1 , and 6s 1 manifolds of the ͑CeF 8 ͒ 5− cluster embedded in BaF 2 , without and with spin-orbit coupling, performed with Madelung embedding and with AIMP embedding, we have shown that ab initio embedded-cluster calculations on lanthanide ions in ionic solids in which Madelung embedding is used, may suffer dramatic anomalies when diffuse orbitals are involved, like the excited 5d and 6s orbitals. The anomalies show up in the predicted structural and spectroscopic properties and are basically due to an artifical leak of the excited electron towards the lattice ions that surround the cluster. The deficiencies are corrected when quantummechanical embedding effects representing the linearindependency conditions between the cluster and environment wave functions, which are present in AIMP embedding, are taken into account. The 4f-5d absorption energies calculated with spin-orbit coupling, AIMP embedding, and correlating the electrons with main character F-2s2p and Ce-4d5s5p4f5d, show good agreement with experiment. The present results support previous claims that state-of-the-art ab initio methods of quantum chemistry as the ones used here are nowadays in a position to reliably calculate 4f-5d transitions of lanthanide-doped solids. A proper embedding is crucial for this.
